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TRANSONIC EULER SOLUTIONS

ON MUTUALLY INTERFERING FINNED BOD(D

Lawrence E. Lijewski®
Aerodynasics Branch
Aeromechanics Division
Air Force Armament Laboratory

Eglin Air Force Base, Florida

Abstract

The ability of an Euler code to predict
mutual aerodynamic interference in the transonic
regime was investigated. One, two, and three body
combinations of a cruciform finned configuration
were examined at Mach nuabers from 0.80 to 1.20
and angles of attack up to ten degrees. Predicted
surface pressure distributions were compared with
wind tunnel data for the first time on three
finned bodies with success. The Euler code was
found to predict body pressures well in many
interference regions, although shock location
often was less accurate due to viscous effects in
the strongest interference flowfield near Mach 1.
igid body phy-ics of the three body combination
was investigated from integrated pressure distri-
butions, Force and moment behavior was found to
~e strongly dependent upon Mach number.

Nomenclature
Cp Pressure coefficient
Cp* Sonic pressure coefficient
Cmy Yawing moment coefficient
Cmz Pitching moment coefficient
Cy Yaw force coefficilent
Cz Normal force coefficient
FS Freestream condition
% Lower body
i Upper body
1/C Axial location per local chord length
/L Axial location per body length
b Angular position

Introduction

It is widely recognized that speed, range,
and eandurance of fighter aircraft is influenced by
the aerodynamic forces generated by mutually
interfering bodies in external carriage. In
addition, the release of these bodies from the
parent aircraft is highly dependent on their
aerodynamic interrelationship when in close
proximity. This influence is most pronounced in
the transonic regime where modern tactical
fighters often operate. Until recently, it has
been difficult to numerically predict the aero-
dynamic flowfleld about mutually interfering
bodies in the transonic Mach range, where
~mbedded regions of subsonic¢c and supersonic flow
preclude the use of marching codes. With the
advent of generalized, arbitrary geometry, multi-
block grid codes * and sophisticated flow

* Research Scientist
Senior Member, AIAA

This paper is declared a work of the U.S. Government and
1s not subject 1o copyright protection in the United States.
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concer, J1th these grids,
solut:ions :an be obtained on
complex configurations.”” Flow calculat:ons
have been sucgesslully ovtained on multiple
unfinned bodies'’ and two finned bodies”’ at low
angles of attack. Realistic flight conditions
dictate the necessity of predinting interference
aerodynamics for multiple finned bodies at low %o
moderate angles of attack.

The purpose of this paper 13 twofold; fi:
to investigate the ability »f in Suler code
predict mutual aerodynamic interference,
second, to examine the cnaracteristic physics ut
occurs in the transonic refime when {inned 5odi
are placed in cloge proximity. Tnterferenc:

-effects will be exploraed by comparing pressur:
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distributions for one, %un, nd 4iaree Jinned
bodies with wind -“unnelt .5, ‘Arce  ind  momen:
calculations for the tliree ‘ianed oody 23se will
be examined along with o1l flows ind pressure

distributions to attempt .o 2xplain the rutual
aerodynamic phenomena nccurring hetween Machs 0.30
and 1.20.

Confipurations

20NSi3Ls

Tenters

The basic body geometry,
of a tangent ogive forebody,

Figure 1,
tylindrical

body, and tangent ogive afloeroody, Lruncated o
mount on a sting. Fach of “he :ruciform fins nas
a NACA 0008 airfnil :rng3 zaetion WiLd 2Xpog=:
aspect ratio of 2.257. The Tinneyd cody wil
arranged in single, Joublie, nd “riple 0mdI-
nations as illustrated (n Ticare ThHe  SopaArie
tion distance between nody cnteriines 443 :
body diameters for both =he 1toubil« nd <rig.

configurations. 3urface pressure data «ac

obtained at 198 pressure 5aps, whih were sihuanos

in four longitudinal rows nan Lhe vody, ind »ignt
3panwise rows on the fins. The posihive ansuLlar
orientation is as shown wihnl ero Alwiys 3L ne
top of each body.
6056 R
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Fig. 1 Finned Rody “eametry
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aLocxs 1.5.9

8LOCKS BLOCKS 14,16,18

2,6,10

BLOCKS 25,26.27

3L0CKS 28.29,30

Fig. 5 3locking Scheme, 3-Body Case
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Reflection and Back Planes,
3-Body Case

seven blocks each stacked axially. The dimensions
of blocks 1-12 are identical to those in the three
body case, with the same grid spacings maintained
“henever possible. The wireframe grid cross-
section for the single body configuration is shown
in Flgure 8. This grid is now 24 blocks (289,432
sownt3), simply by adding three outer boundary
nlocks where the reflection plane was located in
Figure 7. Here the size of the first 21 blocks
are the same as before with the same spacing
enforced where possible.

Computational Results

The flow solver used was the Euler rcode
jeveloped by Belk, Whitfield, et al?. The solver
i3 an {mplicit, two-pass, upwind scheme, second
sarder accurate in space. It solves the flux-
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difference-split form of “n< Tuler ~quUAl NG 18102

a modiflied Roe 3scheme that

15

range of Courant numbers [or 3
The third-order minmod Jifl=rena.
13izuLitions
Tuler ctalutions sere

tations.

option in the code was used Tor il

with a Courant number »f 5.
obtained at Mach numbers [rom

angles of attack up to '0 dJegreres.
run to convergence abt 1,000 (teratitng oSl

speed of approximat-ly 1.7
jteration.

Multi-Body Pressure Comparisons
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To illustrate the aerodynamic interi2rence

plats “he Troessure

the multi-body cases, Figur~ 9

coefficients on the inboard 3ide <f 'he dppern 0

for the three finned configurations %
ack.

and zero degrees angle of att

fach

that by adding a second body nd “hen v ihind,

flow is forced to accelerate butween thn d0odies
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data shows no change in the shock location as
additional bodies are added, although the magni-
tude of the expansion increases. with this body
location being the farthest from the third body,
“he relatively small increase in flow expansion is
not surprising.

—-—EULER 3-BODY

i og) ALl i 38 EULER 2 -BODY

Y TR
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Configuration Effects,
Jjpper Body, Upper Side

When the :nree-body case was placed at angle
of attack, the agreement with data was, in
seneral, as good as before. Figure 13 shows the
swructure O tne pressure distribution on the top
side of the upper body at Mach 0.95. In addition,
pressure distributions for the single body case
are also plotted for freestream reference. In
both the one and three body cases, the curves are
consistent as angle of attack increases to ten
degrees. At angle of attack, both cases show
increased expansion and forward movement of the
shocks when compared to zero angle of attack
curves, On the windward side of the upper body,
Figure ‘4, the flow expansions decreased and the
sody shock moved rearward with increasing angle of
iviack. n the siagle body case the wind tunnel
iata confirms =his prediction, but in the three-
Sody case it 1loes not. The data shows the
opposite effect with the shock moving slightly

-1 60
——G&ULER  3-0ODY, ALPHA 0
-1 40} VACH 095  ----EULER 3-BODY, ALPHA 10
Il 5 —--EULER 1-BODY, ALPMA 0O
P20 EULER  1~BODY, ALPHA 10

o1 oo o DATA  1-DODY, ALPIA 0
p « DATA  3-00DY, ALPHA 10
-0 8o o DATA  {-RODY, ALPHA 0 .-
© DATA  1-BODY, ALPUA 10 /77
-0 60 {4 a
-1} 40§
-0 20
) 00
a 20
40
0 80|
0 aof
" 9%%0 0.20 0.40 W 08 0.80 1.00
X
Fig. *2 Angle of Attack Effects,

pper Body, Upper Side

forward, influenced by the interference “lowfield.
Clearly, the inviscid code has difficulty predict-
ing the shock location in the viscous region
between the bodies.

EULER 1-000Y, ALPIIA
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Angle of Attack Effects,
Ipper Body, Lower GJide

On the bottom »ody, however, 1in unexpecta2:
pattern was observed, Tipure 15, As the angle 7
attack increased, the magnitude of the »D>ody
pressure expansion on the leeward side actually
decreased, opposite to that observed 1n the single
body case and on the upper vody, Figure 2, "
addition, the shock moved aft rather than forward,
although the data shows little, if any, movement.

It appears that the upper bodies in the three-body

case appear to dominate the overall flowfield in
this case by not only establishing the strong body
shock in the interferenced region that 3
farther downstream on the lower body, but 1l
inhibiting the normal expansion that wouid =2¢
on a body leeside at 3ngle of aittack. This .o
probably due to a channeling effect betwsen “ne
three bodies that in essence not only reduces
effective angle of attack on hthe lower body, 2
also limits the leeside expansion on the :wor
body to the magnitude of the windward 2xpansion °n
the upper body.

~ T FULER 1-000Y, ALFIA 0

-1.40+ MACH 0.95 -~~~ FULER 1 BODY, ALPMIA 10
PN 10 — - FULER 1-0BODY, ALPUA 0
-1.20- EOLER  1-RODY, ALPUA 1D
-1 odl O DATA  2-BODY, ALFNA D
Cp : ¢ DATA  1-MODY. ALPWA 40
-0. ° DATA 1-10DY . ALlMA 0
= DATA 1-00DY . ALTHA I(}J, ‘»‘:
o4 Y

0.40 0.60 0 80
X/

Fig. 15 Angle of Attack Effects,

Lower Body, Upper Side




Mach 0.80. The two expansion regions on the
inboard side at the nose and tail provide a strong
inboard force when compared to the same two out-
board locations. This identical pattern was also
observed on the upper/lower 3ides of both the
upper and lower bodies, where the expansion peaks
on the maximum interference sides determined the
force direction. The result was an inward/
downward force on the upper body and upward force
on the lower body. Supersonically, the forces
reverse themselves. The pressure distribution on
inboard and outboard sides of the upper body,
Figure 21, give evidence for this reversal. In
marked contrast to Mach 0.80, the flow expansion
in the fin region is nearly the same from one side
of the body to the other. In addition, the
pressure on the outboard side of the nose expands
more rapidly than the inboard side, resulting in a
net outboard force. However, the significant

EULER S
1 20 MACH 0.80 — -—-EILER 265 X
- ALPHA 0 EVLER 85 FS
- o DATA 85
. o DATA 265
e 080 + DATA 85 FS %/
0 6ol o\ i
040 <—‘,,1“—- T - ﬁ,écf
el o '
W20 Q . 3
* e A d |
w00 .8 ¥ooccnnge? W
9. \
i}
.
0
' 9420 0.20 0.40 / 0.60° 0.80 1.00
X/L

Fig. 20 Subsonic Interference Effects,
Upper Body

contributions to the outward force occurs as i
result of the shock on the body near the fin
leading edge region. Unlike at Mach 0.80 where
little difference wa3 observed across the body in
the compression region after the body shock, a
significant difference occurs here across the
body, resulting in an outward force. Only the
large expansion region prior to the shock on the
inboard side, X/L = 0.30 to 0.60, serves to
minimize the outward force. Again the identical
behavior was seen on the upper/lower sides of the
upper and lower bodies. Figure 22 supports this
observation on the lower body and shows the good
agreement between prediction and data that was
consistent throughout the investigation. The
result is that at Mach 1.20, the resultant force
is outward/upward on the upper body, and downward
>n the lower body.

Investigation of the moment coefficients
yielded an equally {interesting explanation.
Figure 19 shows that the bodies react to the
subsonic flow opposite to that in supersonic flow.
Subsonically, the nose of each body moves away
from the other, while the fin sections move toward
each other. In superaonic flow the direct oppo-
3ite occurs, where the body nose sections come
together while the fin sections move apart. At
Mach 0.80, Figure 20, the flow expansion on the
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Lower Tody

inboard side of the upper ovody lominaatas s
piteching and yawing moment:. The d1U0l2rence
across this fin section {rom outboari %o inboar:
is so great that the fin sections move toward =2acn
other., Since this also occurs n the vertital
plane of both the upper and lower bodies, the
result is that the nose of the upper bYody pitches
upward and yaws outboard, while the aose f -
lower body pitches downward. This phenomena
been observed on numerous occasions I subson:i:
flight of actual aircraft with nmultipie bodies (n-
carriage. Reversal of this trend supersonicalily
can be explained from Figures 1 and 7. T
dominant {eature here is thc sircag shock on
body at X/L = 0.67, with the accompanyiny -xpan-
sion area before and sharp Somprrssion reg.on
after. This expansion/compression form3 1 ouple
that rotates the nose inward and the (in section
outward. The magnitude of the mom~ont ..
restricted by the proximity of the forces to tne
moment reference center, and “he count rictineg
nose compression on the inboard aide,
vertical plane of both the upper ind lower bodinns
are similarly effected, Lhe rnrol® 5o that wn

Jince o
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Conclusions

Interference flow predictions were success-
fully made on multiple body configurations in the
transonic regime, where the strongest interference
effects were found to exist near Mach 1. Agree-
ment with data was very good in the minimum inter-
ference regions located on the outboard sides of
the bodies. In the maximum interference regions
between the bodies, the agreement with data was
good 1in general, but shock location and structure
were strongly influenced by viscous effects in the
three-body case. It was found that the inter-
farence effects were not localized to the inboard
sides of the bodies, but s3trongly influenced the
expansion region and subsequent shock on the
outboard sides. Consequently, the outboard sides
of the bodies were not in a freestream condition.
The addition of fins served only to increase the
blockage in the flow; moving the body shock
forward, but with no change in flow expanaion.

At angles of 1ttack, 1t was found that the
interference =({ucts on th2 lower body were auite
the opposite to what was ~xpected. In the three-
body case, the flow was channeled between the
bodies. A3 21 resull, the nxpansion on the upper
or leeside of the lower body actually diminished
with angle of attack, limited %o the expansion on
the windward side »f the upper hody.

It was also found that the rigid-body physic:s
of the three-body configuration was dependent on
Mach number. This was primarily caused by the
rearward movement of the expansion regions and
subsequent shocks as the ifach increased from 3J.80
to 1.20. Subsonically, the bodies tended to be
pulled together at the fin sections, resulting in
nose-outward moments. Supersonically, the bodies
repulsed each other with resulting nose~inward
moments. These physical reactions to the
interference flowfield, as well as the flowfield
itself, were found to be adequately predicted by
the Euler .code. The Jominant trends were
predicted, although the fine details in the
viscous regions were not.
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